We studied plant water use characteristics of the tree Theobroma grandiflorum (Cupuaçu, (Willd. ex Spreng.) Schum., Malvaceae) and the palm Euterpe precatoria (Açai, Mart., Arecaceae) both native to the Amazon and commonly occurring in the region. The tree species is occurring mainly in the terra firme forest whereas the palm species is restricted to the extreme habitats in stream valleys. This study was conducted in a small fruit plantation close to the city of Manaus, in the Central Amazon, Brazil. The main objective of this study was to compare water use characteristics in relation to plant structural traits. Three representative individuals of each species were equipped with Granier-type thermal dissipation probes to measure sap flux density. Water use scaled independent of species with the size of the conductive xylem area (r 2 = 0.85). Furthermore, we found a clear species-specific scaling of water use with plant-size. Overall, palms had a 3.5 fold higher water consumption compared to trees with similar stem diameter and/or plant height. Palms transpired a mean of 1.67 mm m -2 of water per unit crown projection area per day, whereas trees transpired only 0.30 mm m -2 per day, resulting in a 5.6 times lower transpiration rate. We assume that especially the unbalanced plant height/water use ratio of the palms might be limiting the height growth due to increasing hydraulic limitations. Hence, palms are restricted to extreme habitats with higher water availability and usually do not co-occur with more efficient and taller broad leaved tree species in the terra firme forest.
INTRODUCTION
In the Central Amazon arborescent palms are mainly restricted to extreme habitats such as seasonally flooded small valley streams or along the large riparian systems (Henderson, 1995) . However palms also occur in the terra firme forest, but are usually stemless (Nacimento, 2002) and only a few arborescent palm species can compete with the broad leaved tree species forming closed canopy forests. We hypothesized that the restriction to these extreme habitats might be due to their water use characteristics. How palms transport water and how this affects their water use characteristics is especially interesting as palms do not have any secondary growth but rather an always-growing very active xylem (Rich, 1987) . The same vascular vessels have to support the 'vulnerable process of water transport throughout the potentially long life of the palm' (Rich, 1987) . Hence, the total length of the hydraulic pathway is probably the main limiting factor for height growth in palms (Renninger et al., 2009) . Given the structural differences between palms and trees and the out of this resulting difference in plant water use, we compared water use characteristics in relation to plant structural traits of a woody arborescent monocot and a dicot plant species.
MATERIALS AND METHODS

Study Site, Species Selection and Micrometeorological Measurements
This study was conducted in a small fruit plantation around the field station of the forest management site of the National Institute for Research in the Amazon (INPA) approximately 60 km in the northwest of the Centre of Manaus, Brazil. The annual precipitation at the study site is on average 2.200 mm yr -1 (Chambers et al., 2001 ). Rainfall is more or less evenly distributed throughout the whole year, but with a lesser amount of rain falling between August and November (< 100 mm per month). During El Niño events longer dry spells can occur. Air temperature is on average 26.7 °C with almost no variation between months. The natural vegetation on plateau areas in the region is species-rich evergreen tropical forest (terra firme) growing usually on clay rich Oxisols and Spodosols in the small valley streams where palms are the dominating plant type. For our study we selected one tree species (Cupuaçu, Theobroma grandiflorum (Willd. ex Spreng.) Schum., Malvaceae) and one palm species (Açaí, Euterpe precatoria, Mart., Arecaceae). The tree species is a species from plateau areas whereas the palm is occurring in valley areas that can be seasonally flooded (we observed aerenchyma in the Açaí roots what is a sign of adaptation to periodical inundation). Both species are common fruitbearing species in the Central Amazon, with fruits that have increased in global demand and popularity in recent decades (Colapinto, 2011) . Palms and trees were randomly planted in a mixed stand by field workers in the mid 1980's. The plantation is approximately 0.8 ha in size with no specific planting scheme, but at least with four meters distance between tree stems. Other accompanied species in the plantation are Astrocaryum aculeatum (G. May, Areacea), Mangifera indica (L., Anacardiaceae) and Syzygium malaccense ((l.) Merr. & L.M. Perry, Myrtaceae). We chose three individuals with unshaded or only minimally shaded crowns for each species. Micrometeorological data were gathered in open terrain adjacent to the fruit plantation approximately 30 m away from the plantation edge. Air temperature and relative humidity were measured 2.3 m above the ground with a professional weather station (PCE-FWS 20, PCE Inst., Meschede, Germany). A Quantum Sensor (LI-190A, Licor Inc., Lincoln, USA) set up at the same height was used to record Photosynthetic Photon Flux Density (PPFD, µmol s -1 m -2 ).
Sap Flux Measurements
Sap flux density (J s, g cm -2 h -1 ) was measured continuously for six weeks from the 1 st of August 2011 until the 6 th of September. Each tree and palm individual was equipped with two thermal dissipation probes (Granier, 1985) at breast height (1.30 m). One sensor was installed on the northern side and the other on the southern side of the stem. Sensors were protected with an aluminium shielded insulation box and then covered with plastic foil taht was sealed with silicon to the stem above the sensor set up. The voltage output from the thermocouples was measured every 30 seconds and 5 minute averages were stored on a Delta-T datalogger (DL-2, Delta-T Devices Ltd., Cambridge, UK). We decided to use the standard calibration determined by Granier (1987) to calculate sap flux density as Renninger et al. (2010) did not find considerable variations from this equation by calibrating thermal dissipation probes for palms.
Sap Flux Profile
In the last two weeks of the experiment J s was measured at one additional depth below the cambium (20-40 mm) in each palm and tree individual as well as in an additional depth (40-60 mm) for individuals with appropriate diameter (DBH > 11 cm). The additional sensors were placed randomly on the eastern or western side of the stems, in an angle of 90° from each of two reference sensors to reduce possible interference between sensors. The additional measurements were used to construct a sap flux profile and to estimate the conductive area of the xylem.
Calculation of Water Use and Tree Transpiration
Daily water use rates (Q, kg d -1 ) were estimated by up-scaling daily sap flux densities to the water flux through the whole conductive xylem area of a given stem . We expressed tree transpiration rates per day by dividing Q through the crown projection area of the respective tree or palm (T, mm d -1 ). Therefore, the horizontal crown extension of each tree and the horizontal extension of the leaves of each palm were measured in eight cardinal directions. Crown projection area was calculated by summing up the area of the eight pit circles calculated from the crown/leaf extension. Additionally a set of leaves was collected from each plant individual and area estimated. Total leaf area was then estimated by counting the amount of leaves on three branches (bottom, middle and top) on each tree and up-scaling the total amount of leaves to the total amount of branches per tree. Palm leaves were simply counted. We compared tree water use rates among species using the analysis of covariance with DBH as a covariate as tree water use is often described as a function of tree size and/or DBH (ANCOVA, followed by a post hoc Tukey HSD test). Tree transpiration rates were compared among species by applying the analysis of variance (ANOVA, followed by a post hoc Tukey HSD test). The statistical analyses were performed using SPSS 18.0 software (SPSS Inc., Chicago, USA).
RESULTS AND DISCUSSION
Sap Flux Properties and Water Use
Our observed maximum sap flux densities for Cupuaçu (Theoroma grandiflorum) and Açai (Euterpe oleracea) are in accord with reported values for tropical tree species growing in plantations in the Neotropics, which mostly fall between 7 and 46 g cm -2 h -1 (Dünisch & Morais, 2002; Kunert et al., 2010) . The two investigated species were similar in their diurnal sap flux courses as shown for one representative individual of each species over five bright sunny days (Fig. 2) (Table 1) . Neither, the observed maximum J s nor the mean daily J s differed significantly among the two species (Table 1) . However, a detailed comparison of the day time variation in sap flux indicates a pronounced mid-day decline in the sap flux measured in the Cupuaçu tree after the peak in the morning (Fig. 2) . Such a rapid decline was not present in the diurnal sap flux course of the Açai palm (Fig. 2) . Unfortunately no soil moisture was measured, but we speculate that this decline in sap flux around noon might have been caused by soil water limitation as sap flux densities were reduced after noon with still continuing high evaporative demand (Fig. 2) . found similar behaviour in water limited trees which showed reduced sap flux densities compared to times under ample water conditions and similar availability of radiation.
The radial sap flux measurements indicated significant water fluxes even beyond the standard installation depth of the first 2 cm of the xylem beyond the cambium (Fig. 3) . In the Açai palm the sap flux density in the second depth (2-4 cm below cambium) revealed almost the same as in the peripheral cambium (0 -2 cm below cambium) (compare with Fig. 3A) . Compared to the peripheral xylem, sap flux densities were 4% lower in the second xylem depth (2 -4 cm below cambium) and 43% lower in the third depth (4 -6 cm below cambium). The sap flux densities in the inner xylem compared to the peripheral xylem declined rapidly in the Cupuaçu trees. In the second depth (2 -4 cm below cambium) we found a 65% lower sap flux compared to the peripheral xylem and a 88% lower sap flux in the third depth (4 -6 cm below cambium) (compare with Fig. 3B ). Palms are commonly known to have vascular bundles throughout the whole stem cross section and are able to transport water also within the centre of the stem. Nevertheless, the slightly reduced sap flux densities measured in the deepest depth of the palm xylem (40 -60 mm) indicate that there is a lower concentration of vascular bundles towards the centre. Similar results are reported by an anatomical study on the structure of palm stems from the genus Euterpe in Costa Rica, where a higher concentration of vascular bundles were found at the stem periphery (Rich, 1987) . Despite the small data set, species-specific conductive xylem area scaled relatively well with diameter in breast height of a given species.
We estimated the mean daily water use rate of Açai to be 43 kg d -1 with maximum rates up to 90 kg d -1 during days with high evaporative demand. Despite the methodical limitation of scaling sap flux to water use (Steppe et al., 2010 ) similar high water use rates have already been found for other palm species e.g. coconut palm trees in various studies. Adult coconut trees use between 30 and 120 kg d -1 (Jayasekara and Jayasekara, 1993), but high water consumption only occurs during periods with high evaporative demand (Yusuf and Varadan, 1993) . The Cupuaçu trees in the mean used 14.7 kg d -1 with maximum water use rates of 23.9 kg d -1 (compare with Table 1 ) and in line with other studies on tropical trees. Mean daily water use rates of 10 kg d -1 are reported for Theobroma cacao (mean DBH 10 cm) in Indonesia (Köhler et al., 2009 ) and water use rates between 10 and 20 kg d -1 (mean DBH 15 cm) for a variety of tree species, even sized and growing under plantation conditions in mono-specific and mixed stands in Panama Kunert et al., 2012) . This difference in water use results out of a much greater conductive xylem area in the palm trees as sap flux densities were not significantly different and hence could not explain differences in water use among the two species. In general, total plant water use is assumed to 'universally scale' with the size of the conductive xylem area (Meinzer et al., 1999) . The difference in maximum water use between the two species was largely defined by the strong dependency of the water use rates on the conductivity of the xylem and the conductive xylem area explained 85% of the observed variability in the maximum water use rates (Fig. 4A ). An intra-specific relationship between water use rates and diameter at breast height (which leaves out possible differences in area of conductive tissues) was not indicated (Fig. 4B) . However, maximum water use was positively related to plant height (Fig. 4C ) with a much steeper slope for the palms compared to the trees (species-slopes not show due to small sample size). The extremely rapid increase of palm water use with height might be the limiting factor for their height growth. In general, plants have to suffer from higher friction within the transpiration stream with increasing plant height resulting in the tendency of earlier stomata closure and an off-trade situation between water loss and a carbon gain (Ryan et al., 2006) . Our palms were still only medium sized individual and plant height was obviously not a limiting factor for water transport. However, assuming that palm water use is constantly rising with increasing palm height the point of hydraulic limitations will be reached much earlier than for example in the investigated tree species. This is probably also reflected in the maximum height of the Açai palm which never reaches more than 20 m (Lorenzi, 2006) .
Both species differed significantly in their water use rates expressed per unit crown projection area (Table 1) , whereas values up to 4.9 mm d -1 , with one exceptional tree transpiring 7.5 mm d -1 per unit crown projection area were also recorded in a study comparing data from three different secondary tropical forests, one located in Indonesia, one on the Philippines and one in Panama (Dierick et al., 2010) . In our case, the palm trees had significantly higher transpiration rates. High transpiration rates of native palm trees occurring in the Amazon were already outlined by Renninger et al. (2010) . In the mentioned study, the palm species Irartea deltoidea contributed significantly more to the stand transpiration per unit leaf area 'than the average leaf found in the rain forest'.
CONCLUSIONS
The extreme high water use rate of the Açai palm could explain in two different ways why this species, or in general arborescent palms, are more common in valley streams than in the terra firme forest. Firstly, the water table in the valleys is higher than in plateau areas of the terra firma forest in the Amazon. Plant available soil water is usually still present during the dry season, but due to seasonal inundation palms are more competitive compared to broad leaved trees. Secondly, we assume that the comparatively high water use of our still short statured palms is the limiting factor for height growth. Due to the hydraulic limitations palms can reach only a certain height and are hence less competitive in terra firme plateau areas where they have to compete with broad leaved trees species which have a much higher hydraulic efficiency and thus height growth. Tables   Table 1. Summary of plant structural characteristics of the studied trees and palms and of the maximum (J s max ), mean (J s mean ) daily sap flux density, mean daily water use (Q mean ) and mean (T mean ) transpiration rates (means and standard deviations, n = 3). Significant differences between the two species (p < 0.05) are indicated by small letters.
Figures Fig. 1 . a) Photosynthetic photon flux density (PPFD) and vapor pressure deficit (VPD), b) daily rainfall, and c) normalised sap flux density for the Açaí palm (Euterpe) and Cupuaçu trees (Theobroma) over the whole study period (mean of n = 3). 
